Silver-iron carbon nitride, which has been prepared by pyrolysis (under inert atmosphere) of silver hexacyanoferrate(II) deposited on graphene nanoplatelets, is considered here as electrocatalyst for oxygen reduction in alkaline medium (0.1 M potassium hydroxide electrolyte) in comparison to simple silver nanoparticles and iron carbon nitride (prepared separately in a similar manner on graphene nanoplatelets). The performance of catalytic materials has been examined using such electrochemical diagnostic techniques as cyclic voltammetry and rotating ring-disk electrode voltammetry. Upon application of the graphene nanoplatelet-supported mixed silver-iron carbon nitride catalyst, the reduction of oxygen proceeds at more positive potentials, as well as the amounts of hydrogen peroxide (generated during reduction of oxygen at potentials more positive than 0.3 V) are lower relative to those determined at pristine silver nanoparticles and iron carbon nitride (supported on graphene nanoplatelets), when they have been examined separately. The enhancement effect shall be attributed to high activity of silver toward the reduction/ decomposition of H 2 O 2 in basic medium. Additionally, it has been observed that the systems based on carbon nitrides show considerable stability due to strong fixation of metal complexes to CN shells.
Introduction
Proton-Exchange Membrane Fuel Cells (PEMFCs) are promising environmentally friendly electrochemical devices for energy conversion and are still dominating research on lowtemperature fuel cells, but, in recent years, substantial progress in fabrication and utilization of anion exchange membranes has driven growing interest in Alkaline Fuel Cells (AFCs) [1, 2] . Relative to acidic electrolytes, such general features as faster dynamics of the oxygen reduction reaction and larger availability of catalytic systems in alkaline media [3, 4] justify substitution of platinum and platinum group metals with more abundant and less expensive materials like silver [4] [5] [6] [7] [8] [9] , transition metals (especially Fe, Co), particularly when coordinated with nitrogen [10] [11] [12] [13] , transition metal oxides [14, 15] , or even carbon nanostructures doped with heteroatoms (N, S, P, B) [16] [17] [18] [19] .
Among the most widely studied oxygen reduction catalysts in alkaline media are the carbon-supported nitrogen-coordinated iron systems (abbreviated as FeNC) obtained via hightemperature pyrolysis of simple precursors. Structurally, the active sites are believed to resemble the centers existing in such macromolecular complexes as porphyrins or phthalocyanines. An interesting recent approach describes the carbon nitride-based electrocatalysts prepared through thermal decomposition of hexacyanometalates in which the carbon-based matrix embeds nitrogen atoms capable of coordination of metallic species [20] [21] [22] [23] [24] [25] [26] [27] [28] . Among advantages coming from the use of hexacyanometalates as starting compounds is the possibility of fabrication of materials of controlled stoichiometry with mixed metallic species (e.g., Fe, Co, Ni, Sn, Mn, Cu, Ag).
Due to appreciable electrocatalytic activity and reasonable stability during both oxygen and hydrogen peroxide reduction reactions [4-9, 29, 30] , silver can be considered as promising alternative to platinum for studies in alkaline media. The mechanism of oxygen reduction on Ag usually is reported to proceed predominantly to water. When it comes to structural dependence of the oxygen reduction kinetics, it tends to increase according to the following order of planes: (100) < (111) < (110) [31] . It is also noteworthy that fairly active and stable materials have been obtained by combining silver with manganese oxides [32, 33] , cobalt oxides [34] , molybdenum oxides [35] , and other transition metals (Co, Cu, Ni, Sn, Fe) [36] [37] [38] [39] [40] .
Among important issues concerning preparation of the cathode materials for operation in low-temperature alkaline fuel cells is the need of utilization of carbon supports of high electrochemically accessible surface area and suitable porosity for proper mass transport. Special attention has been paid to high graphitization degree which determines electron conductivity and stability of the whole electrocatalytic system. Relative to the systems based on conventional carbon blacks [41, 42] , various graphene-related materials with their unique properties have also been considered with an ultimate goal of increasing effectiveness and stability of catalysts [43, 44] . Nevertheless, the absence of surface functional groups and defects complicates utilization of pristine graphene as matrix for immobilization of the homogenously distributed largely dispersed active centers. Consequently, more porous and defected graphene oxide (GO) and reduced graphene oxide (rGO) have been more broadly studied as supports (or their precursors) capable of anchoring finely dispersed catalytic nanoparticles. However, stability of such materials and their electronic conductivity has often been reported as insufficient [42, 45] . On the other hand, it has recently been demonstrated that durability can be improved through application of the polyelectrolyte-modified graphene nanoplatelets (GNP) as supports for Pt nanoparticles. In this respect, the intrinsic high graphitization degree of GNP and the enhanced interactions between Pt and carbon (GNP) have been described as advantageous in Pt/GNP [46] . Finally, irrespective of the choice of graphene-type material, the problem of gas permeability and water management (originating from so-called stacking effect) leads to lower intrinsic performance of cathodes during oxygen reduction reaction in relation to those based on other carbon nanostructures. In fact, graphene and its derivatives can be used as fairly effective additives to gas-barrier systems [47] . The latter problem can be addressed by designing three-dimensional morphologies of composite assemblies in which additives of other carbonaceous materials act as spacers between the graphene-type sheets [42, 45, [48] [49] [50] . Durability of such hybrid systems seems to be significantly improved.
Nitrogenated derivatives of graphene-related materials have recently been also considered as supports or modifiers for silver-based electrocatalysts active toward oxygen reduction in alkaline environment [51] [52] [53] [54] . In the present work, we address fabrication and physicochemical identity of the graphene-nanoplatelet-supported silver-iron carbon nitride catalytic systems derived from thermal decomposition of s i l v e r ( I ) h e x a c y a n o f e r r a t e ( I I ) d e p o s i t e d o n t o polycarboxylate-functionalized GNP. The resulting material is elucidated for oxygen reduction reaction (ORR) in 0.1 M KOH, and the system's activity is compared to the performance of pristine silver nanoparticles and iron carbon nitride (prepared separately in a similar manner on GNP and investigated under analogous conditions). Regarding strong fixation of metal centers coordinated within CN shells, the stability issue of examined systems is also discussed.
Experimental
All chemicals were commercial materials of the highest available purity. HClO 4 , ethanol, 2-propanol, KOH, and K 4 [Fe(CN) 6 ]·3H 2 O were from POCh (Poland). The solution of 5% Nafion-1100, as well as AgNO 3 , Fe 2 (SO 4 ) 3 ·6H 2 O, and the polycarboxylate-functionalized graphene nanoplatelets (GNP) were from Sigma-Aldrich. Vulcan XC-72R (C) was from Cabot (USA); graphene oxide sheets (GO) of 300-700 nm sizes (thickness, 1.1 ± 0.2 nm) were from Megantech; Pt(20%)/C was from E-Tek; 30% hydrogen peroxide was from Chempur (Poland); and the nitrogen, oxygen, and argon gases (purity 99.999%) were from Air Products (Poland). As a rule, the solutions were prepared from doubly distilled and subsequently deionized (Millipore Milli-Q) water.
Preparation of graphene nanoplatelets (GNPs) modified with silver hexacyanoferrate (Ag 3 AgNO 3 was added. The slurry was subjected to magnetic stirring for several hours; later, the solvent was evaporated under ambient conditions (22°C). The content of Ag in the sample was ca. 20% by weight relative to GNP.
All prepared samples were subjected to grinding in agate mortar and, subsequently, annealed in a silica tube under Ar atmosphere at 800°C for 2 h (with the heating up rate of an oven, 4°C min −1 ). The heat-treated samples are labeled AgFeCN x /GNP800, FeCN x /GNP800, and Ag/GNP800. For comparison, pristine GNP was also washed with water and annealed under the same conditions as described previously (it is labeled GNP800). The additional sample of AgFeCN x / GO800 was prepared. The electrochemical measurements were performed with CH Instruments (Austin, TX, USA) Model 750D and 920D workstations. All electrochemical experiments were conducted at room temperature, 22 ± 2°C. The mercury-mercury sulfate electrode (Hg/Hg 2 SO 4 ) (in acid medium) and the saturated calomel electrode (SCE) (in alkaline medium) were used as reference electrodes. In the latter case, care was exercised to use a high-quality bridge to avoid contamination of the electrolyte with chlorides. As a rule, all potentials were recalculated by usual means and expressed against the standard RHE. Glassy carbon rod served as counter electrodes. The rotating ring-disk electrode (RRDE) experiments were performed using a variable speed rotator (Pine Instruments, USA). The electrode assembly utilized a glassy carbon disk (with geometric area of 0.247 cm 2 ) and Pt ring. The collection efficiency (N) of the RRDE assembly was equal to 0.388, as determined from the ratio of ring and disk currents (at 1600 rpm) using the argon-saturated 0.005 mol dm with aqueous alumina slurries (grain size, 5-0.05 μm) on a Buehler polishing cloth. In the course of RRDE experiments, in order to oxidize H 2 O 2 (generated at the disk) under convection-diffusional control, the potential of the ring electrode was kept at 1.23 V vs. RHE. Electrode layers were deposited on a glassy carbon disk by dropping appropriate volumes of homogenized inks containing 5 mg of nanostructured catalyst admixed with Vulcan® XC-72R (labeled as C) in the mass ratio of 1 to 1, 500 μl of solvent (2-propanol) and 6 μl of binder (5% solution of Nafion®). They were subsequently dried at room temperature, 22 ± 2°C. The final content of Nafion® was 5% in relation to the weight of catalyst and Vulcan. Catalyst loadings were 600 μg cm −2 . In comparative measurements with the Pt(20%)/C standard, the Pt loading was 15 μg cm −2 . The electrodes covered with the catalytic layers were typically washed out with the stream of water (in order to clean the surface from impurities) and, later, subjected to voltammetric potential cycling at the scan rate of 100 mV s −1 in the nitrogen-saturated 0.1 mol dm −3 KOH in the potential range from 0.05 to 1.05 V to activate the layers and receive reproducible responses. To assure reproducibility of the electrode preparation and its performance, we have conducted electrochemical experiments at least three times. The data were reproducible within ca. 5%.
In the experiments involving the preconditioning step (labeled P), the electrode was cycled in nitrogen-saturated 0.1 M HClO 4 solution in the range of 0.05-1.05 V at the scan rate of 100 mV s −1 until stable (flat) response was obtained. The electrolyte was changed twice during the experiments.
In the additional experiments conducted in 0.5 M K 2 SO 4 , which were aiming at obtaining the electrochemical characteristics of precursors, Fe 4 HCF 3 /GNP, Ag 4 HCF/GNP, and the GNP carrier, the respective inks were prepared without Vulcan additive and loadings of the respective electrode layers were on the level of 300 μg cm −2 . Transmission Electron Microscopy (TEM) experiments were carried out with Libra 120 EFTEM (Carl Zeiss) operating at 120 kV. Scanning electron microscopic (SEM) measurements and energy-dispersive X-ray analysis were achieved using MERLIN FE-SEM (Carl Zeiss) equipped with EDX analyzer (Bruker). X-Ray diffraction (XRD) spectra were collected using Bruker D8 Discover equipped with a Cu lamp (1.54 Å) and Vantec (linear) detector.
Results and Discussion
General Physicochemical Characteristics Figure 1 illustrates representative SEM and TEM images of bare GNP800 support and after its modification with catalytic nanostructures (typically nanoparticles). It is evident from Fig. 1a ,b that the GNP support indeed exists in the form of platelets with the sizes ranging from few hundred nanometers up to few micrometers. In the case of Ag/GNP800 (Fig. 1c,d ), silver deposit forms fairly large nano-, or submicro-, particles with diameters ranging from 50 to 200-300 nm, and virtually, no smaller species could be observed in the series of images. TEM images of precursor (AgNO 3 ) recrystallized onto GNP (for simplicity, data are not shown here) clearly show that presence of the polycarboxylate-modified GNPs enables good dispersion of crystallites having diameters from few to tens of nanometers (but usually not exceeding 100 nm). It is reasonable to expect that the aggregation occurs under high temperature (800°C) of annealing. In contrast, the micrographs of FeCN x /GNP800 (Fig. 1e,f) and AgFeCN x /GNP800 (Fig. 1g,h ) imply diversity of sizes: in addition to particles with diameters of hundreds of nanometers, there is also appreciable population of much smaller species. Therefore, it may be concluded that the application of the precursors in the form of such inorganic metal clusters as Prussian Blue and its analogs lowers (at least to a certain degree) sintering of metal nanoparticles. Another important observation concerns samples FeCN x / GNP800 (Fig. 2f) and AgFeCN x /GNP800 (Fig. 2h) where metal nanoparticles are embedded in a shell somewhat reflecting stoichiometry of the starting material. The results are in agreement with the previous reports [23] [24] [25] [26] [27] postulating the existence of metal nanoparticles within a compact carbon nitride shell (CN).
The EDX analysis of the materials generally reflects ratios and amounts of precursors used for their synthesis. In the case of Fe 4 HCF 3 /GNP (before annealing), the molar ratio of Fe to N is 0.5 (which is close to the value 0.4 expected from the stoichiometry of the Fe III 4 [Fe II (CN) 6 ]) compound); however, after pyrolysis (sample FeCN x /GNP800), the ratio of Fe to N has substantially changed to the value closer to 10 thus implying substantial loss of nitrogen species. The data obtained for Ag 4 HCF/GNP (before annealing) are consistent with the molar ratio of the elements Ag:Fe:N which is 3:1:6 and for AgFeCN x /GNP800 (after annealing), the composition changes into the order, 3:1:3, again implying the loss of N. The analytical data also imply the presence of carbon, oxygen, as well as some content of potassium. The EDX mapping of FeCN x / GNP800 (Fig. 2a) shows fairly homogenous distribution of N and Fe. In the case of AgFeCN x /GNP800 (Fig. 2b) , the distribution of signals originating form Fe and Ag is less homogeneous: they tend to superimpose in certain areas thus implying the mixed nature of obtained nanoparticles.
As shown in Fig. 3a , the XRD pattern of Ag/GNP800 illustrates peak characteristic of the face-centered cubic (fcc) crystal structure of Ag ((111), (200), and (220)) with the cell parameter of 4.083 Å and the average crystallite size of 51.7 nm (calculated using the Scherrer's equation). In the XRD spectrum of FeCN x /GNP800 (Fig. 3b) , the main reflections correspond to the body-centered cubic structure (bcc) of α-Fe ((110) and (200)) with the cell parameter of 2.862 Å and the average crystallite size of 32.7 nm. Some other, but much less distinct, peaks (Fig. 3b) could be ascribed to the traces of oxide forms of iron, like γ-Fe 2 O 3 or Fe 3 O 4 . One has to be aware that, for Fe-containing materials, the fluorescence of Xrays, appearing when a Cu lamp is used, tend to increase the background noise. In the case of AgFeCN x /GNP800 (Fig. 3c) , in addition to signal characteristic of Ag and α-Fe, there are also small peaks most likely originating from the traces of iron oxides. Here, the cell parameter for Ag is 4.075 Å (average crystallite size of Ag is 92.8 nm) and for Fe is 2.886 Å (average crystallite size of Fe is 104.6 nm). It should be remembered that the Scherrer's formula constitutes an approximation, and it gives reliable results for nearly spherical particles. In all patterns, the GNP support reflections are present ((002), (111), and (004)), thus indicating partial stacking.
An evidence for the presence of the corresponding cyanometallate compounds (silver and iron(III) hexacyanoferrates(II)) on the surface of GNPs has been examined using cyclic voltammetry (conducted in 0.5 M K 2 SO 4 ). 6 ] transitions [57, 58] . Figure 4b presents cyclic voltammetric responses of (a) Ag/ GNP800-C, (b) FeCN x /GNP800-C, (c) AgFeCN x /GNP800-C, and (d) GNP800-C layers deposited on glassy carbon electrode recorded in the de-aerated 0.1 M KOH. In the investigated range of potentials, basically all catalytic materials do not show redox transitions (i.e., they are not electroactive), and they are characterized by similar capacitive-type currents. Some current increases observed for FeCN x /GNP800-C at potentials lower than 0.3 V may reflect the presence of larger amounts of iron species (when compared to other compounds studied here). This redox pair was previously attributed to transition between Fe(OH) 2 and Fe(OH) 3 (coming from iron core) [20] .
Oxygen Reduction Reaction
Figure 5a illustrates background-subtracted (normalized) RDE responses recorded in the oxygen-saturated 0.1 M KOH (at 1600 rpm) at the disk electrode covered with different catalytic films. The results indicate that all three catalysts, Ag/GNP800-C (curve a), FeCN x /GNP800-C (curve b), and AgFeCN x /GNP800-C (curve c), are much more active than bare (annealed) GNP800-C carrier (curve d) in terms of higher catalytic currents and lower overpotentials of the oxygen reduction process. What is even more important, the onset and half-wave potentials for oxygen reduction are slightly shifted toward more positive values in the case of AgFeCN x / GNP800-C relative to both Ag/GNP800-C and FeCN x / GNP800-C, thus indicating the enhanced activity of that sample. It is also noteworthy that, while the convective-diffusionlimiting current plateaus are reached (at about 0.6 V) in the case of the Ag-containing samples (curves a and c), the response characteristic of FeCN x /GNP800-C (curve b) is somewhat distorted as the initial plateau is followed by further current increases (at potentials lower than 0.5 V). Such behavior may reflect changes in the oxygen reduction mechanism including the number of electrons involved in the process. Interpretation of the oxygen reduction RDE curves recorded at lower potentials in alkaline media may be somewhat complicated due to the competition for O 2 between metallic centers and different forms of carbon (existing here as GNP, Vulcan additive, and CN shell) which also exhibit activity toward oxygen reduction [30] . Finally, it should be noted that the half-wave potential for oxygen reduction at the AgFeCN x / GNP800-C catalyst (~0.71 V) is still ca. 120 mV less positive than that characteristic of conventional carbon-supported platinum (~0.83 V) (Fig. 5a , curve e). However, comparison to conventional Pt/C (containing 3-4 nm Pt nanoparticles) is not straightforward here because our catalysts have not been optimized as yet, e.g., with respect to sizes of nanoparticles. The annealing step during preparation of our samples has involved long-term high-temperature pyrolysis (to generate CN shells), and, under such conditions, the metallic nanoparticles undergo inevitable aggregation. Perhaps, by application of rapid heating and by shortening the period of pyrolysis, fabrication of smaller particles is feasible. Further research is along this line.
The oxygen reduction reaction in alkaline media may proceed by direct four-electron (Eq. (1)) or indirect two-electron (Eqs. (2) and (3)) pathways [59] .
Alternatively, the intermediate form (HO 2 − ) can undergo disproportionation reaction:
It is apparent from Fig. 5b (where the amount of the HO 2 − intermediate formed during electroreduction of oxygen has been monitored at the platinum ring electrode) that although Ag/GNP800-C (curve a), FeCN x /GNP800-C (curve b), and AgFeCN x /GNP800-C (curve c) are less selective toward the four-electron reduction of oxygen in comparison to the standard Pt(20%)/C (curve e), they exhibit much lower currents corresponding to oxidation of the HO 2 − intermediate relative to the unmodified GNP800-C carrier (curve d). In the case of Ag-containing samples (curves a and c in Fig. 5b) , the HO 2 − oxidation currents have considerably decreased at potentials higher than 0.3 V relative to the silver-free system containing only iron (curve b in Fig. 5b) .
Upon consideration of both HO 2 − oxidation (ring) and O 2 reduction disk currents (Fig. 5a,b) , the relative (percentage) formation of intermediate product and the corresponding number of transferred electrons (n e ) per oxygen molecule involved in the oxygen reduction were calculated using the following equations [5, 60, 61] :
where I R was the ring current, I D was the disk current, and N was the collection efficiency of the RRDE assembly. Figure 5c shows the dependence of X HO2 -plotted versus the potential applied to the disk electrode. It is apparent from Fig.  5c that, at potentials higher than 0.3 V (i.e., in a region characteristic of the cathode operation in a fuel cell), the fraction of produced hydrogen peroxide-type intermediate is lower (below 20%) for AgFeCN x /GNP800-C (curve c) relative to both Ag/GNP800-C (up to 25%, curve a) and FeCN x /GNP800-C (up to 47%, curve b). Furthermore, as expected, at unmodified GNP800-C carrier (Fig. 5c, curve d) , relative amount of hydrogen peroxide-type intermediate is on the level of 90% whereas, at the standard Pt(20%)/C (Fig. 5c , curve e), it is only 4%. The dependence of the number of exchanged electrons (n e ) plotted versus the disk potential (Fig. 5d) implies that, at potentials close to 0.5-0.6 V, the oxygen reduction at FeCN x /GNP800-C proceeds partially via the two-electron route (the value of n e is around 3). Obviously higher values of n e have been observed for silver-containing systems. Indeed, the n e parameter characteristic of AgFeCN x / GNP800-C has been the highest, and it approaches most closely the one observed for standard Pt(20%)/C. The results presented in Fig. 5 imply that silver is an effective component of the catalytic materials in terms of increasing their activity and selectivity toward 4-electron reduction of oxygen in alkaline environment. Although not optimized as yet, the combination of Ag with Fe within AgFeCN x /GNP800-C seems to be particularly advantageous, and it makes it attractive alternative for possible applications in alkaline fuel cells. By comparison to literature concerning the application of nanostructured Agbased catalysts for oxygen reduction in alkaline media, it can be concluded that AgFeCN x /GNP800-C has comparable performance relative to such materials as Ag 4 Sn/Vulcan [38] , CoOx-Ag/rGO [34] , Ag/GO/C [62] , Ag/rGO [63] , and to some Vulcan-supported Ag nanoparticles [9, 64, 65] . On the other hand, the activity has been still lower than that characteristic of FeAgPc/KB(600) [37] , AgFe lotus /Vulcan [40] , and Ag/N-rGO [66] systems. Nevertheless, precise comparison of performances of various catalysts reported in literature is rather difficult, due to differences in morphologies and textures of supports, shapes and sizes of nanoparticles, loadings of catalysts, compositions of electrolytes, and their concentrations.
Importance of Pretreatment in Acid Medium
Electrochemical characterization and electrocatalytic activity of the catalysts were further diagnosed after treatment in acid medium (the preconditioning step, P). The materials, Ag/GNP800-C, FeCN x /GNP800-C, and AgFeCN x /GNP800-C, were subjected to continuous potential cycling in the nitrogen-saturated 0.1 M HClO 4 .
The gradual decreases of currents characteristic of silver and iron species have been observed for all samples (for simplicity, data are not shown here), thus implying their dissolution into the bulk of the electrolyte. The abovementioned experiments have been terminated when no further changes in electrochemical responses are observed. Figure 6 presents cyclic voltammetric responses recorded in 0.1 M KOH solution of GC electrodes covered with resulting residues (after washing them with water). It is evident that signals coming from the formation of silver oxides/hydroxides and their reduction (Fig. 6a,c) as well as the iron redox transitions (Fig.  6b ) are much suppressed after preconditioning in perchloric acid (solid lines) when compared to untreated samples (dashed lines) which confirms the significant loss of metallic species in all pretreated catalysts. It is noteworthy that the extent of changes varies from sample to sample, and the current suppressions after preconditioning are particularly apparent for Ag/GNP800-C (Fig. 6a, solid line) and AgFeCN x /GNP800-C (Fig. 6c , solid line). Addition items of information are apparent upon comparison of Fig. 6a ,c. First, the positive shift (ca. 25 mV) of the Ag reduction peaks in AgFeCN x / GNP800-C (relative to Ag/GNP800-C) implies the existence of the reduced (metallic) silver up to higher potentials in the presence of iron species (here, as before [37] , partial charge density transfer from Fe to Ag or changes in particle size of Ag can be postulated). Obviously, the voltammetric characteristics of silver may also reflect the Ag loading and its surface structure [8, 38, 62, 64, 67] . Simple comparison of charges under the oxidation and reduction peaks of Ag clearly implies that, in the case of AgFeCN x /GNP800-C catalyst, the electrochemically active surface area (EASA) of silver is about 50% of that observed for Ag/GNP800-C. The EASA was calculated from the charge corresponding to the reduction of silver oxide (Eq. (7) [8, 62, 64] ), which was clearly visible at 1.02 and 1.04 V in Fig. 6a ,c, according to Eq. (8) [64] :
where:
Q O surface oxide reduction charge per unit area (C m 
)
The estimated EASA of Ag in Ag/GNP800-C (loading of Ag is about 60 μg cm −2 ) and AgFeCN x /GNP800-C (loading of Ag is about 53 μg cm −2 ) are as follows:
17.7 and 8.2 m 2 g −1 , respectively. A number of factors should be taken into account here: somewhat (about 11%) lower amounts of Ag (according to the synthesis procedure described in the BExperimental^section), higher average crystallite size (as it comes from the XRD analysis), as well as partial over-coating of catalytic centers by CN shells (as apparent from Fig. 1h ) are applicable to the AgFeCN x /GNP800-C samples.
Electrochemical experiments aiming at evaluation of catalytic activity and selectivity in the oxygen reduction at the acid-pretreated Ag/GNP800-C-P, FeCN x /GNP800-C-P, and AgFeCN x /GNP800-C-P catalysts were conducted under identical conditions as for untreated samples. The results are presented in Fig. 7 . First, the system's performance for O 2 reduction is only slightly lowered at FeCN x /GNP800-C-P relative to untreated FeCN x / G N P 8 0 0 -C ( F i g . 7 b , s o l i d a n d d o t t e d l i n e s , respectively). Furthermore, the current decreases are only slightly more pronounced for AgFeCN x /GNP800-C-P relative to FeCN x /GNP800-C (Fig. 7c , solid and dotted lines, respectively). However, the greatest change (drop) in activity has been observed for Ag/GNP800-C-P in comparison to its untreated form (Fig. 7a, solid and dotted lines, respectively). In the latter case, the performance and selectivity toward O 2 reduction closely approach that characteristic for bare GNP800-C (compare curves d in Fig. 5a,b) . The obtained results can be rationalized as follows: contrary to bare GNP-supported silver nanoparticles (prepared by simple impregnation method), the application of such inorganic coordination compounds as Prussian Blue and its silver analog as precursors tends to preserve the systems' active sites even after preconditioning in an acid electrolyte. The increased stability should be ascribed to the existence of catalytic centers (iron and silver) in the form of coordination complexes strongly bonded to the surface of carbon nitride shell, as suggested previously [23] [24] [25] [26] [27] .
Consideration of Graphene Oxide as Support
For comparative purposes, we have also performed additional diagnostic experiments utilizing the sample of AgFeCN x deposited onto Graphene Oxide (GO), prepared in an analogous manner as described previously for AgFeCN x /GNP800. It can be expected that GO, while containing numerous oxygen functionalities and surface defects, could be a proper candidate for obtaining well-dispersed catalysts (in spite of using high pyrolysis temperature during synthesis). In addition, cyanides, which are released upon decomposition of hexacyanoferrates, are known to act as reducing agents (their presence should lead to partial reduction of GO to the more conducting reduced graphene oxide, rGO). Because basic physicochemical properties of GO samples considered here were described elsewhere [68] , we limit our microscopic characterization to the basic TEM image of AgFeCN x /GO800 and present the electrocatalytic performance toward O 2 reduction only in comparison to AgFeCN x /GNP800. As evident from Fig. 8a , the catalytic material AgFeCN x /GO800 is characterized by fairly uniform distribution of crystals (with diameters on the level of 50 nm with only some larger up to ca. 100 nm) on the support. However, it is apparent from the comparison of RRDE data (Fig. 8b,c) that the activity and selectivity of the GO-based AgFeCN x /GO800-C, despite of the presence of Vulcan as Bseparator^between graphene sheets, is much lower when compared to the performance of AgFeCN x /GNP800-C.
Most probably, the O 2 and water management are still largely hindered and/or the electron conductivity is not sufficiently high in the AgFeCN x /GO800-C case. The present results favor the use of the graphene derivatives (rather than graphene oxide) as supports in the oxygen reduction electrocatalysis.
Conclusions
It has been demonstrated for the first time that thermal decomposition under the inert atmosphere of silver(I) hexacyanoferrate(II), deposited on graphene nanoplatelets, produces nanomaterial containing silver and iron species Fig. 7 Normalized (backgroundsubtracted) rotating disk and ring voltammetric responses recorded during oxygen reduction at the films of (A, A′) Ag/GNP800-C, (B, B′) FeCN x /GNP800-C, and (C, C′) AgFeCN x /GNP800-C in the oxygen-saturated 0.1 mol dm −3 KOH at the scan rate of 10 mV s −1 and the rotation rate of 1600 rpm before (dashed lines) and after preconditioning in 0.1 mol dm −3 HClO 4 (abbreviated as P, solid lines) coordinated to carbon nitride shells and exhibiting the remarkable efficiency toward oxygen reduction process in alkaline environment. It is important to note that, at the graphenenanoplatelet-supported mixed silver-iron carbon nitrides, the reaction proceeds at more positive potential values in comparison to both bare silver nanoparticles and the iron-carbon nitride systems themselves (prepared separately under the same conditions on graphene-nanoplatelet carriers). Furthermore, amounts of the hydrogen peroxide-type intermediate (generated during reduction of oxygen in the potential range where cathode is expected to operate in a real fuel cell) are lower at the composite material mentioned previously. In this respect, high activity of silver toward decomposition of the undesirable intermediate (HO 2 − ) seems to be of primary importance. Another important factor is that the systems based on carbon nitrides retain their electrocatalytic activity even after continuous polarization in acidic medium thus implying strong fixation of metal complexes to CN shells.
